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ABSTRACT 
Hip dysplasia, also known as congenital dysplasia of the hip (CDH) or Developmental 
Dysplasia of the Hip (DDH), is a mal-alignment of the hip joint. Left untreated within the 
first nine months, DDH could lead to permanent disability. Luckily however, this condition 
is diagnosed at an early age and is usually treated without surgery through the use of the 
Pavlik harness. 
In this thesis, a 3D computational model and dynamic finite element analysis of the 
muscles and tissues involved in hip dysplasia and the mechanics of the Pavlik harness, as 
rendered by Dr. Alain J. Kassab’s research group in the College of Mechanical and 
Aerospace Engineering in the University of Central Florida over the past 3 years, were 
reviewed and discussed to evaluate the accuracy of the hip reduction mechanism. I examine 
the group’s usage of CT-based images to create accurate models of the bony structures, 
muscle tensions and roles that were generated using biomechanical analyses of maximal 
and passive strain, and the usage of adult and infant hips. 
Results, as produced by the group indicated that the effects and force contribution of 
the muscles studied are functions of severity of hip dislocation. Therefore, I discussed 
complications with real world-to-computational modeling with regards to structural 
systems and data interpretations. Although this design could be applied to more anatomical 
models and mechanistic analyses, more research would have to be completed to create 
more accurate models and results. 
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CHAPTER 1: INTRODUCTION 
 
1.1 Developmental dysplasia of the hip and treatment methods  
 
There are a few different types and origins of development dysplasia of the hip (DDH). 
The known causes of DDH are noticeable immediately after birth as detected by an 
immature acetabulum, femoral head, or hip joint.[1,2] The primary cause is due to a 
dysplastic acetabulum, which prevents normal association with the femoral bone. Irregular 
acetabular development is due to hormonal imbalances, and as a result, multiple 
ossification centers, bone fragments, and abnormal secondary acetabular bone absorptions 
are evident.[3] Normally, the acetabular fragments disappear around twenty years of age. 
However if they persist, hip dysplasia will occur and sharp pain will be the associated with 
an increasing femoral-acetabular junction.[3] The persistence of hip dysplasia without 
treatment greatly increases the chances of hip replacement by the age of 50. Another 
potential cause of hip dysplasia is due to forced dislocation as a result of trauma to the hip 
joint and the associated bones and ligaments.[4] Therefore, hip dysplasia may occur in both 
infants and adults, however in this paper, I will be focusing on the DDH that is 
symptomatic in the neonatal stage (up to eight months of age). This is the only stage where 
DDH can be treated without surgical intervention. If left untreated, hip dysplasia and its 
associated pain will exacerbate. To my knowledge, no deaths have been related to the 
failure of treatment, although an abnormal gait and discomfort will persist throughout the 
life of the individual as a result, thereby necessitating a hip replacement in the future.[2,5] 
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 Approximately 5% of all newborns have a form of hip inadequacy, when the 
femoral head is not properly placed in the acetabulum. Despite this alarming statistic, only 
0.06% of all infants require treatment and surgical intervention.[6]  
1.1.2 Types of developmental dysplasia of the hip 
 Crowe et al. in 1979 was the first to differentiate between the different graf types of 
hip dysplasia.[7] The types of hip dysplasia are based off the intensity of subluxation, or 
degree of dislocation. Graf type I contains less than 50% subluxation, type II, 50-75%, type 
III, 75-100%, and type IV, more than 100%. The different graft types are shown in Figure 
1.1. 
 
Figure 1.1 Graf types of subluxation[7] 
 
Measurement for degree of subluxation are measured by first determining the ratio 
of the vertical distance between the inferior surface of the femoral head to the superior 
surface, to the distance between the inferior surface and the superior surface of the iliac 
crest. At zero subluxation, this ratio is approximately 1:5, 20%. Therefore for 50% 
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subluxation to occur, the ratio must change by 10%. An example of graf type I is noted in 
the left hip of Fig 1.2. 
                         
Figure 1.2 X-ray of graf type I[7] 
 
1.1.3 Diagnosis of hip dysplasia 
The diagnosis is made by a physical examination whereby leg lengths, palpable hip 
instability, and thigh skinfolds are measured and assessed.[5] These examinations are 
usually carried out using the Ortolani and Barlow maneuvers to evaluate hip stability as 
demonstrated in Fig 1.3.[7] In this assessment, a gentle superior force is applied to the knee 
while the hip is abducted followed by a downward force while the hip is adducted.[5,8] 
Furthermore, each hip must be examined separately while the infant is in the supine 
position. Lastly, to confirm DDH diagnosis in newborns, ultrasonography is preferred 
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because it is useful in visualizing the cartilaginous anatomy of the hip joint as well as the 
related structures; full bone ossification is not realized by this point of the infant’s life.[8-11] 
By the age of six months, plain radiographs become useful.[5] Magnetic Resonance Imaging 
(MRI) is used on infants over the age of twelve months to corroborate radiographic 
findings. McNally et al. (1997) utilized MRI to verify diagnoses of thirteen neonate 
patients which led to successful diagnoses for each patient.[12] They discovered that MRI’s 
are an inexpensive alternative with decreased risk of radiation and improved imaging 
potential, therefore it is theorized that MRI’s will be used more commonly for diagnostic 
purposes. Ultrasonography, however, still serves as the standard for corroborative diagnosis 
after full testing of the Barlow and Ortolani Maneuvers. Once the diagnosis and stage of 
deformity has been confirmed, treatment methods will be explored. 
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Figure 1.3 Barlow and Ortolani Maneuver[8] 
 
1.1.4 Treatment options  
Treatments to induce reduction, the return of the femoral head to the acetabulum, are 
accomplished either forcefully or passively. Forceful reductions are accomplished through 
surgical intervention: the release (or cut) of the iliopsoas and adductor tendons. These 
tendons obstruct the natural relocation of the femoral head back into the acetabular pocket, 
therefore the release is necessary to induce hip reduction. The passive approach could then 
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be utilized immediately following surgery to improve chances of recovery. However, the 
release of these tendons did not alter the gait significantly for individuals below the age of 
eighteen months, therefore for the majority of cases, passive reduction is performed 
without surgical intervention.[13] 
The passive approach is preferred due to the significantly decreased risk of avascular 
necrosis (AN).[14] This disorder occurs when a bone (the femur in this case) is cut off from 
the blood supply, and cell death occurs as a result. The forced compression of the femoral 
head with the acetabulum by the physician inhibits venous drainage, thereby stimulating 
the AN pathology to follow.[15] This does not mean, however, that the passive intervention 
completely avoids AN.[16-18] Post-operative checkups are necessary in both cases to prevent 
future complications. 
One such method of achieving passive reduction is through use of the Frejka 
Pillow, also known as the Frejka Splint. This device includes a hard pillow-like structure 
that is placed between the most anterior portions of the femur bones.[19] The Frejka Pillow, 
presented in Fig. 1.4, prevents adduction and extension of the hip joint.[19] Another similar 
device is the von Rosen splint, while mechanistically similar to the Frejka Splint, is 
structurally different for it is a harness that is worn along the back of the infant.[20,21] While 
the von Rosen Splint requires a nurse at a hospital to remove and replace the device, the 
Frejka Splint can be done in a nonclinical environment.[21] However, after a comparison of 
both devices, Hinderaker et al (1992) determined that the von Rosen Splint was more 
effective in achieving passive reduction with the least amount of failure.[21] Improved 
outcomes are determined by measuring the c/b ratio, where c is the distance from the center 
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line  to the most medial area of the proximal femoral metaphysis and b is the distance to the 
acetabular rim, the acetabular angle, and overall displacticity [these structures will be 
explained in section 1.2.1].[22] The normal c/b ratio and acetabular angle are approximately 
<0.75 and <28o respectively; the results, in the form of radiographs, were compared to 
these standardized approximations.[22] The passive reduction of the hip joint is realized 
through use of the Pavlik harness, a common treatment method for DDH.[23] However, 
according to Wilkinson et al (2002), the von Rosen Splint produced slightly superior results 
to the Pavlik harness.[22] However, the data collected by Wilkinson may have been 
compromised due to being retrospective, having a short follow-up analysis, and a lack of 
randomization.  
 
                               
Figure 1.4 Frejka pillow[24] 
 
 
Furthermore, the Pavlik harness, when properly applied, is mechanistically similar 
to both the Frejka pillow and the von Rosen Splint, in that it prevents adduction and 
extension of the hip joint while allowing for abduction and flexion.[25] The Pavlik Harness 
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allows for nearly full range of motion thereby preventing the chance of arterial blockage 
and avascular necrosis, unlike the Frejka Pillow and Rosen Splint, which keep the hip joint 
locked in place. A description of the device is demonstrated in Fig 1.5. 
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Figure 1.5 Application of the Pavlik Harness[25] 
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1.2 Anatomy of the hip and related structures 
 The hip is not a standalone anatomical structure. Rather the hip refers to either the 
femoral-acetabular joint (enarthoidal joint) or a generalized region lateral to the ischium 
and iliac crest. The hip joint is between the pelvis, specifically the acetabulum (a concave 
orifice), and the head of the femur. This joint allows for the following movements of the 
femur: 1) adduction, towards the midsagittal centerline of the body, 2) abduction, away 
from midsagittal line, 3) flexion, towards the body, and 4) extension, away from the body. 
Specific muscles within the femoral and pelvic regions of the body control these four 
movements. To simplify anatomical nomenclature, muscles are named based on the 
movements that they control. For example, the flexor digitorum is a subset of muscles that 
flexes the digits (fingers and toes). Furthermore, each individual muscle has an origin and 
insertion point - where the muscle attaches to the bone. The origin of a muscle is usually 
proximal to the center point of the torso while the insertion point is more distal.  
1.2.1 Bones and ligaments 
 The sacrum (Fig. 1.6) split the pelvis into two “hip bones,” which are in turn 
divided into the ischium, ilium, and pubic bones.[26] The coccyx is a small bony protrusion 
that is connected to the inferior portion of the sacrum, an upside-down triangular bone with 
forward-facing concave cavity (kyphotic), is commonly referred to as the “tail bone;” this 
is due to the evolutionary theory that the coccyx developed from an ancestor with a tail, but 
has receded since. The sacrum is connected superiorly to the vertebral column through the 
lumbosacral joint. As mentioned previously, lateral to the sacrum and connected through 
the sacroiliac joints, located on the auricular surface of the sacrum, are the hipbones. These 
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two joints are amphiarthroses, which describe joints that are rigid, yet somewhat movable, 
and are enclosed in firm capsules. The sacrospinous and sacrotuberous ligaments stabilize 
the hips and allow for gaited movement. 
 
            
Figure 1.6 Anatomy of the sacrum[26] 
 
The ilium is laterally attached to the sacrum and inferiorly attached to the ischium 
bone. The ilium is divided into two regions, the body and the ala (wing). The body forms 
the articular portion of the acetabulum, which meets the femoral head, as well as the non-
articular portion of the acetabulum, the acetabular fossa, which is where the ligamentum 
teres, or ligament of head of femur, is found. This ligament connects to the fovea of the 
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head of the femur, and tightens upon partial flexion and abduction.[27] This is a very 
important characteristic for our purposes because the Pavlik Harness utilizes this femoral-
hip arrangement to strengthen the ligament and induce reduction passively. The ala of the 
ilium consists of a crest and two borders, one anterior and the other posterior. The anterior 
border contains the anterior superior iliac spine, which serves at the attachment place for 
the inguinal ligament.  
Inferior to the ilium is the ischium bone. The superior portion of this bone forms 
approximate one-third of the acetabulum. The body of the ischium contains the lesser and 
greater sciatic notch. The ischial tuberosity is another important portion on the body of the 
ischium. The last notable landmark on the ischium is the inferior ramus of the ischium for 
reasons that I will explain in section 1.2.3.   
Mediolateral to both the Ilium and ischium is the pubic bone, also known as the 
pubis. This bone forms one-fifth of the acetabulum and a portion of the inferior ramus. The 
superior ramus portions of the two pubic bones join at the pubic symphysis, a cartilaginous 
joint. The entire pelvis is demonstrated in Figure 1.7.[28] 
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Figure 1.7 Anatomy of the Pelvis[28] 
 
The femur (Figure 1.8) is a long bone that stretches from the femoral head, which 
attaches to the acetabulum, to the condyles, which attach to the tibia and patella. The parts 
of the femur that interact with other bones at the knee joint or hip joint, is called the 
epiphyses, and the section in between is known 
as the diaphysis. The femur contains the lesser 
trochanter protrusion, which faces medially, and 
the greater trochanter that faces laterally. In 
between these two structures posteriorly are the 
intertrochanteric crest, and the intertrochanteric 
line anteriorly. Attached to the crest is the 
Figure 1.8 Anatomy of the superior portion of the 
femur[27] 
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articular capsule (capsule of the hip joint), a strong spherical ligament that encapsulates the 
hip joint and attaches to the transverse ligament. The head of the femur also contains a 
fovea, where the ligamentum teres inserts. The body of the femur, on the other hand, is a 
long and cylindrical shaft with a slight concave pointing posteriorly [reasons for this 
concavity have not been assessed or proven; this would be an interesting concept to 
investigate]. On the posterior side of the femur’s diaphysis, is the linea aspera, a very 
important ridge, which transverses longitudinally. The proximal lateral ridge of the linea 
aspera, the gluteal trochanter, connects to the greater trochanter. On the lateral portions of 
the most inferior region of the femur are the epicondyles, one that points medically, and the 
other that points laterally. On the anterior side, between the two condyles, is the patellar 
surface. Posterior to this surface is the intercondylar fossa of the femur. 
The last bone that is important to investigate is the tibia due the role it plays in hip 
reduction (the gracilis muscle, a major 
hip reducing muscle, attaches to the 
upper medial condyle of the tibia). The 
anterior surface of the bone harbors the 
tibiofemoral joint, and the medial and 
lateral condyles; the latter two of which 
make up the upper extremity of the 
tibia (Figure 1.9).[27] Many muscles as 
we will see, attach to this surface of the 
Figure 1.1 Upper extremity of the right tibia[27] 
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bone. 
1.2.2 Muscles and origin/insertion points 
 The origin of a muscle is the more proximal, or closer to the torso of an organism, 
connecting portion of the muscle. The insertion point of the muscle is the more distal 
connecting segment of the muscle. For the hip moving muscles located on the lower 
extremity, the majority of origins will be located on the pelvis, and the insertions will be 
located on the femur, although the gracilis muscle inserts onto the tibia. 
The iliopsoas muscle (the combination of psoas major and iliacus muscle) allows 
for the external rotation and flexion of the hip and originates from the transverse processes 
of T12-L5, and inserts onto the lesser trochanter of the femur. The gluteus maximus, 
medius, and minimus muscles originate from the gluteal surface of the ilium, and inserts 
onto the gluteal trochanter. The adductor longus muscle originates from the pubic body and 
inserts onto the middle of the linea aspera. The adductor brevis muscle originates from the 
inferior ramus (the anterior surface) and inserts onto the linea aspera and lesser trochanter. 
The adductor magnus muscle originates from the tuberosity of the ischium and pubis, and 
inserts onto the linea aspera and the adductor tubercle (a tubercle located on the distal 
portion of the linea aspera). The pectineus muscle originates from the pectineal line of the 
pubic bone and inserts onto the pectineal line of the femur, a line that continues from the 
lesser trochanter. Lastly, the gracilis muscle originates from the ischiopubic ramus and 
inserts onto the upper extremity of the tibia. The adult muscles in question and their 
origin/insertion points are illustrated in Figs. 1.10 and 1.11.[29,30] 
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Figure 1.10 Femoral muscles[29] 
                
    
Figure 1.11 Adductor muscles (Samsam 2013). A and B show the adductor muscle.[30] 
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1.2.3 Nerves and innervations 
The sacrum contains a canal (sacral canal), which permits the passage of the final 
portion of the spinal cord through the midline. The sacral nerves, which bifurcate from the 
spinal cord at this level, exit through the dorsolateral foramen (holes) located on the 
sacrum. These nerves innervate the pelvic organs such as the rectum, urinary bladder, etc. 
These nerves, specifically the anterior portion of S1-3 nerves, also join the L4 and L5 
nerves to create the sacral plexus, as shown in Figure 1.12. The sacral plexus is primarily 
involved in the sensory and motor innervation of the posterior portion of the femoral 
muscles, the majority of the muscles related to the tibial and fibulal region, and foot as 
well. Of the sacral plexus, the L4-S3 nerves later join to form the sciatic nerve, which 
innervates the femoral magnus muscle, and other structures.[27] 
                               
Figure 1.12 The sacral plexus[27] 
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1.3 Computer modeling methods of the anatomy 
Understanding the anatomy is very important, however this alone does not provide 
us with the data necessary to understand the mechanical properties produced by the 
anatomical structures. However, recent advancements in technology permit novel methods 
to anatomical modeling unlike ever before. No longer are researchers estimating muscle 
and bone lengths through cadaveric analyses. Instead, researchers now utilize finite element 
models (FEM) to establish nodes along the structures, which could then be assessed after 
establishing the correct parameters (boundary conditions, mechanical properties, etc.). 
After instituting the suitable geometry, the FEM could then be manipulated and utilized to 
run the necessary analyses. Analyses range from determining weight-bearing joints, to 
intraventricular pressures, to assessing the active muscles in the gait of an individual. But 
before we could fully run such analyses, the geometry must be rendered accurately, and for 
that we turned to medical imaging technologies and available software. 
1.3.1 Computer Tomography (CT)-based modeling 
CT scans generate two-dimensional slices of the anatomy transversely, sagitally, 
coronally, or obliquely through the use of x-rays. These images could then be applied to 
create 3D models – an approach that was first applied by Michaeli et al. in 1997.[31] His 
team utilized computerized methods to noninvasively determine the hip joint contact 
pressures on patients with normal and dysplastic hips. CT scans with 3mm thick slices were 
used to create the 3D models of the acetabular rim; a sphere was then applied to fit the 
points of the acetabulum. The surface was then discretized, the process of creating discrete 
units from a continuous model, into .5 mm2 patches. The applied load vectors were then 
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divided by the amount of patches to render a vector quantity that most resembled the 
overall vector sum. Fuji film pressure measurements were then used in cadavers to test the 
data collected from the computed models; the correlation proved to be accurate. 
For visual purposes, a CT image taken from a 6-month old infant, provided by 
Orlando Regional Hospital, is shown in Fig.1.13.[32] 
                 
Figure 1.13 CT image of a 6-month old infant's hip, and distance measurements.[32] 
 
1.3.2 Magnetic Resonance Imaging (MRI)-Based Modeling 
Up until this point muscles have not been discussed, and for simplicity’s sake, are 
not considered when first analyzing tensions localized in joints. However, muscle-bone 
interactions play a substantial role, and therefore it is impertinent that they were analyzed. 
This does not go to say that CT-derived models do not incorporate muscles, but rather they 
are added as two-dimensional rods between the nodes of the finite element models. MRI 
models, on the other hand, treat muscles as three-dimensional structures. This is a more 
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realistic approach because cross-sections vary along different muscles, therefore strain and 
physically obstructing structures are taken into full consideration of this particular model. 
Furthermore, simulative error is avoided when muscles that wrap around structures are 
assessed. Like CT-derived models, accurate bone models are also rendered that are based 
on cross-sectional analysis and interfacing surfaces. 
Arnold et al. in 2000 analyzed the accuracy of tendons using MRI finite element 
models and found that collected maximum errors for the semimembranosus, 
semitendinosus, and psoas tendon to be 4%, 9%, and 10% respectively – very accurate 
results that corroborate the MRI utilization for anatomical modeling purposes.[33] An 
example of MRI-derived muscular structures is illustrated in Fig. 1.14.[34] 
 
Figure 1.14 MRI-based model of extended and flexed femur[34] 
 
1.3.3 OpenSim 
 OpenSim is open-source software written in ANSI C++ available to create and 
analyze dynamic simulations of the human anatomy.[35] This serves as a free and equal-
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leveled platform for researchers in the field of biomechanics, and allows them to share and 
discuss simulations and designs in a more efficient and timely manner.  
 The models (Fig 1.15) generated are built to be patient specific. To create the 
model, the scaling factors are used to define the musculoskeletal geometry and contraction 
dynamics; the latter is encoded in a series of differential equations. The next step is to find 
the pattern of muscle innervations and excitations upon specific movement patterns. After 
formulations and boundaries have been created, the simulation is run and individual muscle 
contributions are allotted and described mathematically.  
 
Figure 1.15 OpenSim model generated in our lab of extension (left image) and flexion of the right hip (right 
image) Please put the reference or if it is part of a current work by somebody in the lab, please mention 
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CHAPTER 2: MECHANICAL PROPERTIES 
2.1 Muscle 
To render an accurate reduction mechanism, mechanical properties of the muscle, 
the primary tissue involved in decreasing subluxation in the Pavlik harness, must be 
analyzed and applied accurately. After analyzing the main muscles involved in reduction, 
the muscles that contributed to the most to this mechanism were those that promoted hip 
adduction: the pectineus, adductor longus, adductor brevis, magnus adductor minimus, 
magnus adductor middle, magnus adductor posterior, and the gracilis muscles. Before I 
focused on these muscular properties, we first defined strain energy, tensions, and lengths. 
Total strain energy (Us) is equal to the strain energy of the muscles mentioned 
above, whereby !! = ! !!"                                              (1) 
Where ! is the adductor muscle’s response to elongation, and !" is the differential strain. 
The passive response of muscles (the mechanism behind hip reduction) to elongation is 
exponential as demonstrated in equation (2), derived from Magid (1985), and Fig. 2.1.[36] ! = ! !!! (!! !!! − !)                                                                                 (2) 
 Where, ! = !!!!is the stretch, L is the 
deformed length, Lo is the initial length, and ! 
is the empirical constant, 4.28. Initial variables 
(length, angle, etc) are the variables of the 
Figure 2.1 Tension-length curve of muscle. Black = 16o; White = 0o 
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muscles that are in the prestretched state. Even in the relaxed anatomical state, muscles 
have a tension that maintains posture. For this reason, prestretched variables are different in 
comparison to the muscle when it is relaxed, flexed, or extended. The FEM software 
package NX Nastran (Siemens PLM Software, Plano, TX, USA) was employed to solve for 
the unknown tensions. 
 Tension (T) from Fig 2.2 was calculated by multiplying Magid’s equation by the 
cross-sectional area as shown in equation (3). The cross-sectional areas are estimated from 
MRI images. ! = !!" !!! (!! !!! − !)                      (3) 
Now after the variables from equations (1) and (4) have assessed, a calibrated 
model of muscle tension (T) vs. stretch (!) is created as depicted in Figure 2.2, with the 
variables given in Table 2.1.[23] 
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Figure 2.2 Tension vs. stretch of the calibrated and original model[23] 
                                                 
 
                      
Table 2.1 Equation (1) and (4) variables[23] 
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2.2 Bone 
 There exist two major types of tissues within, and one tissue type surrounding, the 
pelvis and femur that are accounted for in the modeling process: the cortical bone, the 
cancellous bones, and cartilage, respectively. Cancellous bone is the highly vascularized 
spongy portion of the pelvis and femur that promotes and facilitates growth and 
development. During the early years of life, this tissue is surrounded by cartilage and as a 
result, the latter tissue in comparison to the cortical bone (hard bone), is given the 
opportunity to propagate and proliferate. Differing tissue types must be assessed because 
neonate’s (newborn) cartilage to cortical ratio is drastically larger than that of adults, whose 
bones are considerably harder; these differing qualities must be analyzed before creating 
the finite element model. The modulus of elasticity (MPa) is determined for the cortical and 
spongy bones to serve as the primary tissue property in question. MPa is equal to !"#$%%!"#$%&, 
therefore the higher the MPa, the more stress the material could withstand per spatial 
deformational unit. In other words, the higher the MPa, the harder and more durable the 
material. 
 Table 2.2 lists the MPa of the two bone tissues collected from a series of published 
results.[36-42] The average MPa’s for the femoral cancellous bone and cortical bone were 
378 MPa (29.1 MPa standard deviation) and 1766 MPa (1013 MPa standard deviation), 
respectively. The average MPa’s for the femoral cancellous bone and cortical bone were 
378 MPA (29.1 MPA standard deviation) and 1766 MPa (1013 MPa standard deviation), 
respectively. The poisson ratio was also calculated to determine the negative ratio of 
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transverse to axial strain for data collection purposes, which was later, applied to the 
SolidWorks model. 
 
Table 2.2 Modulus of elasticity[37-43] 
 
 
 
 
Source Bone Region Location Direction of 
Analysis 
Modulus of 
Elasticity 
(MPa) 
Poisson Ratio 
Brown[37] Cancellous Femur Both 345 0.3 
Ethier[38] Cancellous Femur Long. 389 - 
Taddei[40] Cancellous Femur Both 590 - 
Taylor[39] Cancellous Femur Both 400 0.33 
Spears[41] Cancellous Hip Both 100 0.3 
Ethier[38] Cortical Femur Long. 17000 0.3-0.6 
Ethier[38] Cortical Femur Trans. 11500 - 
Polgar[42] Cortical Femur Both 17000 0.33 
Rohlman[43] Cortical Femur Both 18000 - 
Taddei[40] Cortical Femur Both 19300 - 
Taylor[39] Cortical Femur Both 17000 0.33 
Spears[41] Cortical Hip Both 5600 0.3 
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CHAPTER 3: CT-BASED ANATOMICAL MODELING 
3.1 Preliminary model 
 Initially, the research group generated a simplified three-dimensional model of the 
anatomical structure to demonstrate feasibility and the mechanism of key reducing muscles 
and tendons. The application and use of CT geometries and accurate muscle-bone 
interactions would allow for patient-specific modeling and would provide physicians and 
caretakers with the data necessary to generate ideal harnesses to induce reduction more 
efficiently. 
3.1.1 Hip modeling 
CT scans from Orlando Regional Hospital of 6-month and 14-year old female hips 
were imported into Mimics (Materialise Inc., Plymouth, MI). Each CT scan, two-
dimensional images as mentioned before, are 2 mm transversely cut images. It is evident 
then that the 14-year old hip generated a more complex and well-defined 3D lattice due to 
the relatively greater size. Therefore, for simulation purposes, the 14-year old female CT 
was used, while the 6-month old hip was used for scaling factors alone (Fig. 3.1).[32] 
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Figure 3.1 CT scans of 6-month (left) and 14-year old (right)[32] 
 
Embedded inside the neonate femur and pelvis are the ossification centers which 
converts the local regions into cortical hard bone within a few years of birth. The 
Hounsfield Unit (HU) range (used for contrasting between the bone and soft surrounding 
tissues) for the CT scan analysis was between 500-2000. At high HU, the cartilage is no 
longer apparent due to the lower radiodensity. Therefore, to create a model for the 6-month 
old hip, 14-year old female hip images were segmented and applied concurrently where 
regions of hard bone was unavailable. Figures 3.2 and 3.3 display the rendered models of 
the 14-year old hip as scaled down to the 6-month old hip generated through the application 
of the Mimics software.[32] 
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Figure 3.2 Mimics rendered image of 6-month old female hip[32] 
 
 
Figure 3.3 Mimics images of 14-year old female hip that was defined and segmented to create 3D models[32] 
  
The 14-year old hip accounted for low CT quality and invisible cartilage of the 6-
month old hip. The larger model was anisotropically (directionally dependent) scaled down 
and superpositionally placed onto the smaller model, as generated the model shown in Fig. 
3.4, 3.5, and 3.6[32,46,48]. 
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Figure 3.4 Superposition of the 14-year on the 6-month old hip[48] 
                                  
 
 
 
 
 
 
Figure 3.5 Combination of 14-year and 6-month old hip[32] 
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Figure 3.6 Combination of 14-year and 6-month old hip[46] 
 
3.1.2 Femoral modeling 
To model the femur, to complete the bony modeling schematic, the femur of a 38-year 
old male was used from the Visible Human Project (National Library of Medicine). The 
complication that is faced when applying the femur for a 6-month old hip was the 
unnaturally isotropic growth for such a small pelvis. To circumvent this issue, the hip was 
anisotropically scaled down to match the current hip; the femoral diameter and length 
between epiphyseal plates were the variables that were scaled. Robert Hensinger growth 
data depicting bone growth table was used as the reference of one scale in Y.[44] Other 
scales where found by visual means. To measure the length of the femur the group used the 
epiphyseal plates, the diaphysis shaft of the femur. With the hip height - femur length ratio 
given in the chart, interpolating for the 50-percentile growth and using the model pelvis 
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height, it was found that the femur length should be 8.85 cm. The scale factors applied to 
the already scaled femur are 0.23, 0.249, and 0.22 for the x, y, and z-directions 
respectively. Femoral actual head diameter is 12.2 mm (few millimeters below the 
average). However, the positive side of this new femoral application was the fact that the 
bone was fully ossified  - easier to manipulate in SolidWorks. Figure 3.7 presents the 
retrieved CT data and Fig. 3.8 presents the final model of the 38-year old male femur.[32] 
                           
Figure 3.7 CT-scan of 38-year old femur[32] 
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Figure 3.8 3-Dimensional computational model of 38-year old male femur[32] 
 
3.1.3 Muscles origin/insertion points 
 Muscle origin and insertion points on the XYZ-plane were applied from Dostal and 
Andrews (1981), whose image was generated from a male of unknown age, as illustrated in 
Figure 3.9.[45] Similar to the anisotropic growth of the 14-year old female hip and 38-year 
old male femur, scaling factors had to be applied to the data generated by Dostal and 
Andrews, whose data could be found in Table 3.1. The scaling factors of the x, y, and z-
directions were 0.23, 0.249, and 0.22 (no units), respectively. The final product of the 
combined pelvis, femur, and muscle origin/insertion points is illustrated in Fig. 3.10.{47] 
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Figure 3.9 Dostal and Andrews (1981) femoral muscles[45] 
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Table 3.1 Scaling factors and origins and insertion points of the adducting muscles[48] 
 
 
 
SCALE: 0.396
UNIT0CONVER0FACTOR 10 (from0cm0to0mm)
X Y Z X Y Z Lo0(mm)
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2 Pectineus 17.4 J1.2 J15.0 J1.6 J45.1 13.9 55.9
3 0.0 0.0 0.0 0.0 0.0 0.0 0.0
4 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5 Adductor0Longus 16.2 J12.3 J25.7 2.0 J80.8 10.3 78.7
6 Adductor0Brevis 8.3 J17.8 J26.5 J0.8 J51.9 15.0 54.5
7 Adductor0Minimus 2.8 J19.4 J24.2 J1.6 J49.1 15.8 50.0
8 Adduct0Mag0Middle J12.3 J24.2 J17.4 2.0 J90.3 10.7 73.3
9 Adduct0Mag0Post J19.0 J23.4 J13.5 0.4 J160.0 12.3 140.4
10 0.0 0.0 0.0 0.0 0.0 0.0 0.0
11 0.0 0.0 0.0 0.0 0.0 0.0 0.0
12 0.0 0.0 0.0 0.0 0.0 0.0 0.0
13 0.0 0.0 0.0 0.0 0.0 0.0 0.0
14 0.0 0.0 0.0 0.0 0.0 0.0 0.0
15 0.0 0.0 0.0 0.0 0.0 0.0 0.0
16 0.0 0.0 0.0 0.0 0.0 0.0 0.0
17 0.0 0.0 0.0 0.0 0.0 0.0 0.0
18 0.0 0.0 0.0 0.0 0.0 0.0 0.0
19 Piriformis 0.0 0.0 0.0 0.0 0.0 0.0 0.0
20 Obturator0Internus 0.0 0.0 0.0 0.0 0.0 0.0 0.0
21 Gamellus0Superior 0.0 0.0 0.0 0.0 0.0 0.0 0.0
22 Gamellus0Inferior 0.0 0.0 0.0 0.0 0.0 0.0 0.0
23 Quadratus0Femoris 0.0 0.0 0.0 0.0 0.0 0.0 0.0
24 Obturator0externus 0.0 0.0 0.0 0.0 0.0 0.0 0.0
25 0.0 0.0 0.0 0.0 0.0 0.0 0.0
26 0.0 0.0 0.0 0.0 0.0 0.0 0.0
27 0.0 0.0 0.0 0.0 0.0 0.0 0.0
BELOW:0DOSTAL0AND0ANDREWS0SCALED0FOR06MO.0OLD0INFANT
DOSTAL0&0ANDREWS019810Scaled0to0fit060mo0old0infant
Origin0on0Pelvis0(mm) Femoral0Insertions$(mm)
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Figure 3.10 A combination of four human subjects after being scaled down to the approximate size of a 6-
month old[47] 
 
The issue with the generated model from Fig. 3.10 is the approximation made on 
the x-coordinates; the isotropic scaling coupled with the movements of expected origin and 
insertion points renders a model with moderate credibility. I will discuss this further in 
Chapter 4. 
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3.1.4 Results 
 As stated in the introduction, subluxations are characterized by greater than 50% 
dislocation of the hip, grafs I-III. Now I will add that dislocation of 100% of more, graft 
IV, is known as full dislocation. In the preliminary model, the gracilis muscle was not 
accounted for when rendering the percentage of contribution of reduction; again, that left 
us focusing on the pectineus, adductor longus, adductor brevis, and adductor magnus (3 
muscles fused).  
Table 3.2 shows the contributions of the individual muscles to reduction in 
subluxated hip (graf III) when the hip flexion angle is 90o and the abduction angles are 
between 52.3o and 70o, a very close approximation to the abduction and flexion angles in 
the Pavlik harness.[47] The positive percentage values demonstrate successful treatment 
through use of the Pavlik harness. Additionally, Figure 3.11 presents the percentage 
contribution along differing abduction angles [produced by the Pavlik harness], specifically 
during graf III subluxation.[23] 
                 
Table 3.2 Percent contribution to reduction in a subluxated hip[48] 
      
52.3 70
1
2 Pectineus 50.4% 62.7%
3
4
5 Adductor7Longus 19.4% 36.6%
6 Adductor7Brevis 31.3% 45.1%
7 Adductor7Minimus 26.1% 40.8%
8 Adduct7Mag7Middle B11.1% 8.9%
9 Adduct7Mag7Post B23.4% B1.3%
Abduction7angle7(deg)
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Figure 3.11 Percent contribution of muscle tension towards reduction vs. abduction angle in Graf III 
subluxation[23] 
 
 
 
Dr. Kassab’s  group discovered that these same muscles contributed negatively to 
reduction in complete hip dislocation, graf IV (same flexion and abduction angles), as 
shown in Table 3.3 and Figure 3.12.[23,48] This data shows that while the Pavlik harness can 
aid subluxations, patients who suffer from full dislocation would be put at a mechanical 
disadvantage by applying the harness. 
 
 
              
Graf%III 
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Table 3.3 Percent contribution to reduction in a fully dislocated hip[48] 
 
 
   
Figure 3.12 Percent contribution of muscle tension towards reduction vs. abduction angle in Graf IV full 
dislocation[23] 
     
52.3 70
1
2 Pectineus 042.9% 029.7%
3
4
5 Adductor8Longus 064.8% 052.2%
6 Adductor8Brevis 053.5% 042.1%
7 Adductor8Minimus 057.3% 045.7%
8 Adduct8Mag8Middle 077.7% 067.9%
9 Adduct8Mag8Post 086.5% 077.3%
Abduction8angle8(deg)
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The Pavlik harness effectively places the legs in an abducted position, increasing 
the components of muscular tension in the direction necessary for reduction; thereby, 
potentially increasing strain energy in the individual muscles. The energy could later be 
used to apply mechanical work on the femoral head in the direction of the acetabulum. 
However, the angle of abduction must be monitored in my opinion, lest there will be a 
substantially greater chance of the patient developing avascular necrosis (AVN), loss of 
blood flood to the femoral head.  
3.2 Future model 
 The issues with the current hip geometry lie in the triangularized surfaces, which is 
not ideal for contact conditions. In real life structures, bone-bone, muscle-bone, and 
ligament-bone contacts are not between nodes or specific geometrical surfaces, but rather 
between surface sizes and shapes as determined by the smooth surfaces that are evident in 
the real life. Increasing meshing capabilities through use of the Reverse Engineering 
module in SolidWorks produces a smoother and more accurate surface for muscle 
attachment. Therefore, the final result would render a smoothed-out pelvis, femur, tibia, 
fibula, and foot bones. 
With our newly generated and more accurately represented model, the group was then 
able to place the origin and insertion points as described by Dostal and Andrews (1981) and 
shown in Table 3.1. Tensions, muscle lengths, stretch components, and other physical 
properties were imported based off the analyses presented in Chapter 2. A few assumptions 
that will still be made to generate a mechanism for reduction of the hip are as followed: 
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1. All the muscles are acting in a straight line. 
2. All the muscles have the same a and 
!!! !or b constants (Chapter 2). 
3. The relaxed length of all the leg muscles for a 6 month old baby corresponds to a 
position near the fetal position which is assumed for now to be 120° of flexion and 
20° abduction. 
4. In the relaxed position the muscles are pre-stretched 25%, in other words, the 
original length of each muscle correspond to 80% of the λ = !!! length of the muscle 
in the assumed relaxed position of 120°/20°. 
5. The equilibrium position of the infant legs lying in a horizontal position will be in a 
90° flexion and 80° abduction position. Having the legs just pushed horizontally to 
maintain the flexion angle of 90°. 
6. The weight of the baby leg is 650 grams, we are assuming is acting at the same 
centroid of the combination of the leg, tibia, fibula and foot assembly. 
With all the assumptions in consideration, a and b constants would be modified till the 
equilibrium positions were found. Based off the current model, the a value was found to be 
0.137 MPa and a value for b of 11.2043 (adimensional, 
!!! ). Also, it is important to note 
that joints act like hinges, therefore the forces developed act as torque. The farther from the 
pivot point the force vector is, the greater the force is. So it is important then that using the 
constants, we determine the forces, stretches, and moments, the mechanical advantages 
about the pivot point, or the hip in this case, for each of the adductor (and other leg 
muscles) in the future.  
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Also, coupled with our above-mentioned assumptions, our model should be 
developed with our newly determined data. Time and force graphs are to be generated for 
every muscle on SolidWorks to demonstrate the impact each muscles has on the reduction 
of the hip to create an appreciable mechanism. This generated model will lead us to a better 
understanding of the forces acting over the body. 
Other models that we should generate in SolidWorks should be in the X-Z and Y-Z 
planes to see how the direction of the forces acts over the leg. The importance of these 
views is to see the distance of the acting forces to the center of the femoral head. This 
distance when the leg is rotating increases the abduction angle, which will increase for the 
posterior muscle. This image would also provide for a different view of the mechanism for 
the dysplastic hip reduction. 
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CHAPTER 4: DISCREPANCIES IN ADULT-NEONATAL SCALING  
4.1 Origin/insertion points  
 Origin and insertion points, as previously mentioned, were extracted from the data 
collected from Dostal and Andrews (1981).[44] These points were collected from an adult 
male of undocumented age. These same points were scaled down to the relatively smaller 
generated neonatal hip, femur, and tibia bones. Also, insertion points, which were placed 
onto SolidWorks, were approximated at nodes along the individual bones. This creates an 
approximate model that may or may not be accurate, depending on the actual node 
designations. Lastly, the issue with placing muscle insertion and origin points on nodes 
renders an unrealistic model for muscle placement due to the fact that muscles in real life 
originate from a region along bones, and not from a single node as created on the models. 
As far as I am aware, no exact origin and insertion points for muscles along the hip 
and femur bone (or rest of the body for that matter) have been determined for neonatal 
anatomies or examined in literature to date. As I discussed previously, reduction of the 
head of the femur to the acetabulum (the mechanism of the Pavlik Harness) relies on the 
passive force created by the muscles originating from the hip. Furthermore, the reductive 
capabilities depend entirely on these same force vectors from the individual nodes with 
respect to the neonatal hip, femur, tibia, fibula, and foot bones and related weight-bearing 
tissues. Therefore, every data collected thus far in regards to the reductive mechanism is a 
close approximation based off adult origin and insertion rates. 
 I am not stating with any degree of certainty that neonatal origin and insertion 
points are distinctly different from those of adults (the hip and femur grow anisotropically 
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which could equate to shifts in the origin/insertion points throughout development), but 
rather I am highlighting a potential error in our data collected thus far. This potential 
inconsistency could produce reduction mechanisms that are different from what actually 
occurs, which is the premise of our research. The question therefore is the following: do 
insertion and origin points along the bones of the neonatal anatomy change through the 
course of time? The methodology employed by the group and discussed in this paper 
assumes that it does not, and for now we will treat this as such. However, to create and 
render a more accurate model and mechanistic behavior we will have to focus on attaining 
the actual placement points and expand these same nodes to cover regions along the bones 
as apparent in real-life systems. 
4.2 Bones 
Till this day, no universally accepted or valid adult to neonatal anatomy x, y, and z-
plane scaling factors have been determined. Reason for this inconclusive problem lies in 
the isotropic growth rates (growth in all x, y, and z-directions) of the neonatal bones 
compared to the anisotropic (longitudinal, y direction, from the epiphyseal plates) growth 
of adult bones – bone approximates that were used to generate our models and device 
mechanisms. These growth rates make sense because the bones of newborns are 
cartilaginous by nature and must calcify to withstand the pressures applied by larger 
weights. Additionally, the scaling factors used in this paper are approximations that worked 
accordingly with our adult models, and should therefore be treated as just that, 
approximations. It is imperative that the scaling factors be analyzed further for erroneous 
bone models may be subject to erroneous results, once again. 
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4.3 Muscles 
 The muscle lengths, tensions, and stresses were also scaled down from those of 
adults to produce results that worked concurrently with our generated neonatal model. Of 
course muscle tension and stresses that are common in adult models, as produced by the 
data collected from OpenSim (see 1.3.3), are far larger than the expected values for 
neonates; muscles had yet to fully develop by the first 6-months of life, and will produce 
much weaker forces than adults as a result. These scaled down muscle tensions are, 
however, close approximations and should not be considered final accurate results. 
 With regards to the adductor magnus muscle, the current model treats this entire 
triangular muscle as an adductor, which is simply not true. This specific muscle has an 
insertion point on the medial epicondyle of the femur, which inherits the role of a flexor 
instead of the presumed adductor. This is important to note when generating the 
mechanism of reduction, for the contribution by this muscle may be lower than initially 
presumed. 
 Lastly, the cross-sectional sizes of the individual muscles however were not 
accounted for in both adult and neonatal models for reasons discussed earlier – the muscles 
were treated as two-dimensional cords between the origin and insertion points. Therefore 
another variable that was not taken into account by our models were the effects of muscles 
traveling nonlinearly. Later in the future, it would be vital that our lab produces realistic 
three-dimensional neonatal muscles through use of MRI-based finite element models.  
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CHAPTER 5: DISCUSSION & CONCLUSION 
The mechanism for the Pavlik harness’ passive reduction in dysplastic hips is unclear 
and not fully understood by health care professionals. A full comprehension of hip 
reduction would warrant the advent of superior harnesses and device apparatuses that 
would establish hip reduction in a more timely and cost-effective manner with decreased 
side effects.  
In this thesis, I discussed a method of generating a three-dimensional neonate model 
and a mechanism for hip reduction based off the hip abduction and flexion angles in the 
Pavlik harness, that has been  determined by Dr. Kassab’s  group after 3 years of research 
and funding from first Orlando Health, and then from the National Science Foundation 
(NSF) Grant Number CBET-1160179. I also examined the issues with current model 
generating approaches and the complexity entailed in replicating accurate hip reductions 
(or any other anatomical mechanism for that matter). The major issue with replicating 
anatomical mechanics in a computational model lies in the unpredictable and inconsistent 
variables that exist in the real world. For example, bones are filled with different 
percentages of different types of tissues depending on the individual’s genetics and age. 
Cortical bone (hard bone) is found at later ages while the softer cancellous bone is found in 
younger individuals. These bone tissues requires separate analyses and for this reason, 
treating bones as rigid structures in the computational model would be simply inaccurate. 
Like bone, muscle properties are also erratic, after all, muscle tensions vary at different 
abduction and flexion angles, and muscles are not uniform from origin to insertion points. 
The tissue that connects a muscle to a bone is known as a tendon, which also has very 
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different properties. Another added variable is the ligament – a tissue that connects bones. 
All of these properties found in real life must be taken into account computationally before 
finalizing and interpreting these figures data. However these variables were not considered 
in our model due to the inconsistency from an individual-to-individual basis [and its 
complexity], and were interpreted as playing minor roles in the final reduction mechanism; 
our computational simulations is an abstraction of real world models. 
Neglecting varying tissue properties, patient-specific geometry was used to build a 3D 
computer model of the pelvic and lower limb bones to simulate hip reduction dynamics in 
subluxated and fully dislocated joints. Five anatomical adductor muscles were identified as 
acting muscles during the use of the Pavlik harness: the pectineus, adductor brevis, 
adductor longus, adductor magnus, and gracilis. Since reductions of DDH with the Pavlik 
harness occurs passively with muscle relaxation in deep sleep, the muscles was modeled 
using a nonlinear exponential model. Rigid body dynamics software was used to simulate 
the effect of the harness and the muscle action to determine force contribution when 
achieving reduction for dislocations. Results indicated that the effects and force 
contribution of the muscles studied are functions of severity of hip dislocation. This thesis 
also discussed the findings of our group, as noted by Ardila et al. (2013) in chapter 3, that 
for subluxated dislocations the tension developed by the muscles contributes to successful 
reduction, while the opposite happens for total hip dislocations and reduction is not 
achieved. 
It is important to note that our modeling methods could be applied to other anatomical 
structures for mechanical assessment purposes. The methodology employed by our group 
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and discussed in this paper could pave the way for other mechanistic analyses of the human 
body, and should not be limited to an assessment of the hip. Also it imperative that we, and 
other researchers who adopt our finite element modeling technique, develop new and more 
concrete models and mechanistic simulations by acknowledging every factor involved 
(tissues, properties, etc.),. This however, is extremely difficult to accomplish due to the 
myriad of factors, both internal and external, that each individually contribute to the final 
overall mechanisms of the human body. 
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